Chapter 3   
Communication between neurons

Common features of all neurons

In the last chapter we saw how information is conveyed electrically from one part of a neuron to another: by passive conduction when the distances are short enough to permit it, and otherwise by means of action potentials.   However, you need to remind yourself that the purpose of a neuron is not to generate action potentials - or any other kind of potential - but to release transmitter.  Here we consider just how the output terminals of neurons do this; but first, how the whole process is initiated in the first place, either by stimuli in the outside world, or by the action of other neurons.

The initiation of activity

The simplest of all kinds of intercellular communication is when currents pass directly from one cell to another. But rather stringent structural conditions have to be met before this mode of synaptic transmission will work.  Figure 3.1 shows an idealised electrical synapse and its equivalent circuit.  It is clear that the currents generated by the presynaptic bouton have two alternative routes: they can either cross the gap and enter the post-synaptic cell, or they can simply leak out sideways through the synaptic cleft.  The greater the fraction of current that takes the former route, the greater will be the degree of electrical coupling between the two neurons, since by entering the post-synaptic cell the currents will cause potential changes that may, if large enough, trigger a new action potential.   One way to minimise the sideways leakage is to use gap or tight junctions (Fig. 3.2).  A familiar example is that of conduction between the muscle fibres of the heart, where the currents pass through the gap junctions that form part of the intercalated discs.  Electrical transmission between neurons appears to involve either casual sets of gap junctions as are found between photoreceptors in the retina, or more organised regions of contact called electrical synapses which include gap junctions,

Figure 3.1 - electrical synapse

Figure 3.2 - channels & junctions

But even if no leakage at all occurs, and the transmembrane resistance at the junction is reduced to zero, there is still no guarantee that an action potential will be able to pass successfully from one cell to another.  The size of the local currents that flow during the passage of an action potential along an axon is strongly dependent on the size of the axon itself.  The larger it is, the greater the number of sodium channels per unit length and so the larger the active currents that can be generated.  But equally, larger axons have greater capacitance and smaller transverse resistance per unit length; consequently the currents have to be that much larger to achieve a particular threshold level of depolarisation.  In other words, the currents automatically keep up with the increased requirements as the fibre's diameter is increased.  But if we imagine a small axon whose diameter suddenly gets bigger at a particular point, or - as comes to the same thing - a small axon with a low-resistance electrical synapse joining it to a cell body of larger size, this is obviously no longer the case (Fig. 3.1).  To trigger action potentials, the larger cell requires larger currents which the small axon may well be unable to provide; if a burning thread is attached to a rope, the heat the thread generates may be insufficient to ignite the rope.  One can calculate, for example, that electrical transmission across the ordinary neuromuscular junction is in principle impossible even if the junction were a low-resistance one (which it is not): the impedance ratio on the two sides is much too large for the axonal currents to make any significant impression on the potential of the muscle cell.  It is clear, therefore, that in such cases an extra source of amplification in addition to that provided by the action potential mechanism is needed: the knot between thread and rope is soaked in petrol.

Ligand-gated channels

This amplification - the petrol - is provided by membrane channels sensitive not to voltage but to chemical transmitters - ligand-gated channels.  In the case of sensory receptors, amplification is often also required, and as in later chapters we go through the senses one by one, we may be struck by the extraordinary sensitivity that is shown by many sensory receptors: to single photons in the eye, to sub-atomic movement in the ear, to single odorant molecules in the nose.   As a result, there is a very great similarity between the way channels in sensory receptors respond to stimuli, and those in interneurons respond to transmitter.  Whether we’re talking about a sensory stimulus acting on a sensory receptor, or transmitter released by one neuron acting on the post-synaptic membrane of another, what happens in every case is the opening (sometimes the closing) of particular ionic channels in the cell membrane.  This  leads to changes in the ionic permeability (nearly always to one or more of sodium, potassium or chloride), which must inevitably cause a change in membrane potential.   This change has different names at different sites: in receptors it is called the receptor potential, at the neuromuscular junction the endplate potential, and at central synapses the post-synaptic potential; but they are all the consequence of the same underlying process.   However there are two fundamentally different ways in which a stimulus can open channels (Fig 3.3), directly or indirectly.  These two modes are mediated by what are officially and inelegantly called ionotropic and metabotropic mechanisms respectively.  

Direct (ionotropic) mechanisms

The basic difference between the two kinds of channel is that the direct ones are looking outward, waiting for signals to arrive from the outside world, whereas the indirect ones are looking inward, for messages that are generated within the cell itself.   One example of a direct gating mechanisms is found at the muscle endplate, or neuromuscular junction (NMJ).  This is technically a cholinergic synapse, meaning that the transmitter is acetyl choline, and the receptors belong to the sub-class of cholinergic receptors called nicotinic, because they are also receptive to the well-known noxious substance nicotine.   Recognition of the transmitter causes opening of an unselective, short-circuiting channel, with depolarisation and the generation of an action potential in the muscle; it is discussed in more detail later in this chapter (p. [whatever it is]).   In addition, all mechanoreceptors appear to work by a direct mechanism of this kind, with the mechanical stimulus acting immediately to cause opening of the channel.  Examples include the hair cells in the cochlea of your inner ear that respond to sound vibration, or the touch receptors in your skin.

Indirect (metabotropic) mechanisms

The other possibility is indirect gating; here the channel is inward-looking, responding only to chemical messages from inside the cell.  The link with the outside world is provided by a second protein that straddles the membrane and responds to transmitters or stimuli in the outside world by triggering off a chemical response on the other side of the membrane, which then results in the required message being sent to the channel.   This intracellular communication may involve just one intermediate, or a cascade of several of them; very often the first link in the chain is formed by a G-protein (GTP-binding protein).   An example of short indirect coupling is the M2-muscarinic acetylcholine receptor, where the G-protein, activated by an acetylcholine receptor, then acts directly on a potassium channel to cause hyperpolarisation (Fig. 3.3).   Sometimes the G-protein activates the production of a second messenger, which may in turn either have intracellular effects, or again have an effect on membrane channels.  The transduction mechanism in retinal rod receptors that allows them to respond to light is a good example of a cascade of this kind: here a photolabile pigment molecule, rhodopsin, is coupled to a G-protein that activates a phosphodiesterase, that in turn results in the conversion of cGMP to GMP; since cGMP opens sodium channels on the surface of the receptor cell, the effect of light is to close them, and thus to cause hyperpolarisation.  A similar cascade, but with cAMP instead of cGMP, and further amplified by a second stage involving calcium, appears to operate in olfactory receptors.  SYMBOL 38 \f "Wingdings"
Figure 3.3 - receptor examples

These two general methods of generating permeability changes each have their advantages.  Direct activation is fast and secure.  Indirect activation provides for amplification (in rods, on photon can trigger the breakdown of a million or so cGMP molecules), for prolongation of effects, for control by the cell (which can intervene in the link between receptor and channel), and for intracellular effects.  An example of cellular control is again in photoreceptors, SYMBOL 58 \f "Wingdings" where intracellular calcium modifies the sensitivity and time-course of the cGMP changes, thus effectively altering the receptor’s sensitivity to light.   An obvious example of intracellular effects is the -adrenergic response to noradrenaline, where cAMP production is again coupled via a G-protein to the receptor itself, the cAMP then having metabolic effects within the cell (Fig. 3.3).  

In the same way, intracellular calcium is used by many cells apart from neurons (Fig.3.4) as a form of intracellular communication.   Because the calcium concentration inside cells is normally very low indeed, something of the order of 0.1 micromolar, the sudden appearance of even a tiny amount of free calcium inside a cell is a spectacular event.   Often the cell uses this as a means of telling the interior that something has happened at the membrane surface, very like ringing the cell’s doorbell.  There are two ways in which this signalling can occur.  It can enter from outside, through channels triggered either by a transmitter or hormone or by voltage, or they may operate indirectly, for instance by causing the production of a second messenger such as inositol (1,3,5) triphosphate (IP3), that causes calcium to be released from internal stores.   

Figure 3.4  Ca inside cells

Bear in mind that the same transmitter may have quite different effects on different cells: there is no logical and necessary connection between the identity of a transmitter and what it does to the target cell – everything depends on what receptors are expressed on the target membrane (Fig 3.5).  You are probably already familiar with the different effects that acetyl choline can have in the autonomic system, mediated by nicotinic or muscarinic receptors.  A particularly clear example that we come across later, in Chapter 7, is the fact that although retinal photoreceptors release only glutamate as their transmitter, the bipolar neurons on which they act may be depolarised or hyperpolarized, depending on whether they have one kind of glutamate receptor or another.

Figure 3.5 One transmitter, different actions

The schematic neuron

Despite the huge variety of shapes and sizes and functions of neurons, from the tiny sensory hair cells in the ear to the huge neurons that carry commands from the cerebral cortex to the bottom of the spinal cord, there is a basic ground plan that applies to all of them (Fig. 3.6).  

Fig. 3.6 Transduction scheme

All have an output region (the terminals that release the neuron’s transmitter) and an input region (the dendrites, or the receptive region in the case of sensory receptors).   The mechanism at the terminal end is as far as we know absolutely identical in all neurons and receptors: depolarisation opens voltage-sensitive calcium channels, and the resultant rise in intracellular calcium causes exocytosis of vesicles about 50 nm across, containing the transmitter substance that is to act on the next cell along. 

In the input region, stimuli act on membrane channels that open (or sometimes close).  As we have seen, this action may be a direct one, or may be indirect, mediated by intracellular mechanism.   Either way, these channels create changes in ionic permeability that in turn give rise to currents and potentials that in short neurons may spread passively to the terminal, or in longer ones may induce repetitive action potentials as described in Chapter 2 (p. [whatever it is]).  Often - for example in  the hair cell receptors of the ear -  the receptor and the nerve axon that joins it to the central nervous system are quite separate, the receptor cell acting on the axon by means of a chemical transmitter whose release depends on the amount of depolarisation of the ending.   

The only fundamental difference between sensory receptors and central neurons is the nature of the stimulus that acts on the channels in the first place.  Once this basic neuronal ground plan is understood, differences between particular neurons and receptors becomes a matter of filling in the blanks in a rather simple table. (See Box).  We need to know only: the type of stimulus, whether direct or indirect (and if the latter, what intermediate), what permeability change occurs, whether action potentials are used, and what transmitter is finally released.  What could be simpler?

Box near here - variations 

Synaptic transmission

Central neurons are driven not by sensory stimuli in the outside world but by the activity of other neurons that make contact with them at specialised regions, the synapses.  At a typical synapse, a branch of the afferent axon forms a swelling, the terminal bouton, the further side of which forms an enlarged area of intimate contact with the post-synaptic cell body: in the case of the neuromuscular synapse, the muscle endplate, this area is much increased by the presence of invaginating folds (Fig. 3.7). In most cases there is a clear synaptic cleft between pre- and post-synaptic membranes, typically of the order of 20 nm wide.  Transmitter is released from the presynaptic side and diffuses to the postsynaptic side, where it causes permeability changes through the various mechanisms already outlined.   Anatomically, many variations on this basic pattern of axo-somatic contact can be found.  Most neurons have an elaborately branched dendritic tree which is smothered in axo-dendritic synapses; dendrites may also make contact with each other in dendro-dendritic contacts; and in axo-axonic contacts one axon may terminate on the terminal of another and modify its transmitter release.   But it is convenient to begin with the most familiar type of synapse of all, whose working is most thoroughly understood: the neuromuscular junction between motor axon and striated muscle fibre.  Although the post-synaptic cell is not a neuron, the fundamental mechanism by which it is activated is closely similar to many kinds of synapses within the brain.

Figure 3.7 - synapse types

Transmission at the neuromuscular junction

The transmitter at the neuromuscular junction is acetylcholine (its structure is shown in Figure 3.15).  The vesicles (Fig. 3.8) in which it is contained are normally created by the pinching off of parts of the transmitter-filled Golgi apparatus in the cell body, and are then transported down microtubules in the axon to the terminal.  Each is about 40-60 nm in diameter and contains some 105 molecules of ACh, and when an action potential arrives at the endplate it triggers the release of the contents of some 200-300 vesicles.  Vesicles appear to obey a kind of all-or-nothing law in that they either empty completely into the synaptic cleft, or not at all.  The transmitter thus released must diffuse across the synaptic cleft - a process that takes a millisecond at most - before it can act on the muscle cell.   When it arrives there, it interacts with direct (ionotropic) channels that open to increase the permeability to sodium and potassium, thus depolarising the membrane and initiating an action potential.  How do we know all this?  

Figure 3.8  Vesicles 

The effect of acetylcholine at the endplate

What early experimenters had to do was to work backwards from the changes in potential they observed to deductions about the action of acetylcholine on the receptors.  If we put a microelectrode in the muscle fibre close to the endplate, and poison the muscle with tetrodotoxin so that our observations of the primary electrical events are not obscured by any subsequent action potentials that may be generated, we see that a single action potential in the afferent nerve is associated with a charac​teristic electrical response in the muscle cell, called the endplate potential (Fig. 3.9).  Although the original action potential only lasts a millisecond or so, the endplate potential or EPP is relatively prolonged.  Most of this prolongation is due to the capacitance of the membrane, and knowing the value of the appropriate time constant, we can estimate the duration of the current that flowed through the ACh-gated channels to produce the potential change.  It turns out to have a time-course not very different from that of the original action potential, though delayed in time by the millisecond or so of synaptic delay that is the result of diffusion across the synaptic cleft.  This brief current discharges the membrane capacitance, which subsequently must recharge relatively slowly through the resting membrane resistance (Fig. 3.9).  SYMBOL 58 \f "Wingdings"  The fact that the current hardly lasts longer than the afferent impulse is largely due to the presence at the ending of high concentrations of the enzyme cholinesterase that mops up the acetylcholine almost as soon as it arrives.  If this enzyme is blocked by an anticholinesterase such as eserine, one finds that the current flow, and hence the endplate potential, is enormously prolonged, leading to a depolarisation block of the muscle fibre.  Patch-clamping demonstrates that the channels operate in an all-or-nothing manner, being either fully open or fully closed (Fig. 3.10), and that two acetyl choline molecules are required to trigger the opening of the channel.

Figure 3.9 – EPP

Figure 3.10  Patch clamp ACh

To understand the operation of these channels, what we need to know is what ions they let through when they are open.  One way to do this is to measure something called the reversal potential.   This is a fundamental technique, that forms a basic way of determining what permeability changes are going on in sensory receptors and in post-synaptic membranes.   The principle is a simple one: since every combination of permeabilities results in some corresponding equilibrium potential Es (from the constant-field equation, p. [whatever it is]), then a change in equilibrium potential implies a change in one or more of the permeabilities.  The problem is that most sensory and synaptic events are short-lived, so that there is no time for the membrane potential actually to settle down at its new value of Es.  But the direction of its movement tells us whether the new equilibrium is above or below the resting potential; and if we have some way of setting the resting potential artificially to different levels, we can see how this influences the direction of the response.  As the resting potential is made to approach Es, the response will get smaller and smaller, then reversing in sign as the resting potential passes through Es.   The reversal potential, defined as the value of the resting potential at which stimulation has no effect, is simply equal to Es.   Once we know Es we can make an informed guess as to what permeability change must be causing it.

In the case of the neuromuscular junction, a steady current is passed into the muscle cell in order to set the resting potential at a new artificial level, and the size of the EPP is then observed.  What is found is that the EPP gets smaller and smaller as the resting potential is reduced to near zero, and that if the membrane is hyperpolarized, the EPP is reversed.  The conclusion is therefore that the effect of acetylcholine is to open channels that allow sodium as well as potassium to pass through the post-synaptic membrane, and thus produce something like a short-circuit.  Since the number of ACh molecules released by each impulse, and hence the number of channels opened, is very large, it is clear that this is the mechanism whereby the relatively small currents in the axon can trigger off the relatively enormous currents needed to initiate an action potential in the muscle cell: the source of these currents is the muscle cell itself.

The release of transmitter

The ultimate action of all neurons, whether interneurons or sensory receptors, is to release a chemical transmitter from their terminals.  As far as we know, the mechanism by which this occurs is identical in every case: depolarisation opens voltage-gated calcium channels, calcium enters and causes the transmitter to be released from its vesicles.  The process has been most extensively studied at the neuromuscular junction because of its relatively greater size and accessibility.  

If one records from the endplate with very high sensitivity, one finds that even when the afferent fibre is not stimulated there are continual spontaneous potential changes taking the form of a random succession of miniature endplate potentials having roughly the same shape as a normal evoked EPP, but about 0.2-0.3 per cent of its size. Figure 3.11)  These miniature potentials have been shown to be due to the fact that the presynaptic ending, even at rest, releases individual vesicles randomly at a very low rate.  This rate of spontaneous release is strongly dependent on the resting potential across the presynaptic terminal, and if this is artificially reduced - for example by changing the external potassium concentra​tion - the average rate of vesicle release increases sharply.  By extrapolation, one can show that the size of a normal EPP is about what would be expected if the action potential simply had the effect of temporarily increasing the rate of spontaneous release of vesicles.  The size of the mEPPs does not alter with different degrees of depolarisation, implying that the transmitter packaged in a vesicle is either released or not released, in packets of fixed size technically called quanta.   It is important to realise that vesicle release is a probabilistic phenomenon.   At rest, the probability of a vesicle being released per unit time is very low but not zero; what happens when the terminal is depolarised and calcium enters is simply that this probability is increased.   Thus the frequency of the mEPPs goes up, but their size doesn’t.   mEPPs provide a convenient way of determining the mode of drug action of synaptic transmission.  Some well-known poisons (for instance -tubocuarine, found in the arrow-poison curare, or the snake venom  bungarotoxin) work by blocking the action of acetylcholine on the post-synaptic membrane, whereas others (for instance botulinum toxin, found in decaying meat) operate by interfering with release from the terminal; the former affect mEPP size but not frequency, the latter frequency but not size.  

Figure 3.11 mEPPs
Finally, the role of calcium entry into the terminal can be demonstrated by looking at the effect on quantal frequency of altering calcium concentrations outside the terminal, or of adding magnesium, which blocks its entry.  The calcium inside the terminal can in addition by directly visualised by using a rather handy substance called aequorin, derived from luminescent jellyfish, that lights up in response to calcium.  

Figure 3.12 summarises the sequence of events at the neuromuscular junction.   The action potential invades the terminal, channels in the presynaptic ending are opened that permit the entry of calcium, and this in turn stimulates the emptying of the vesicles into the synaptic cleft.   The acetylcholine that they contain diffuses across, reaching nicotinic receptors in the post-synaptic membrane that respond by increases the permeability to sodium and potassium.  This generates a short-circuiting current tending to pull the membrane potential towards zero, that in turn depolarises the surrounding membrane sufficiently to initiate an action potential.  
Figure 3.12 - NMJ

Central excitatory synapses

Once the principles of operation of the neuromuscular junction are understood, those of excitatory synapses between one neuron and another present little extra difficulty.  The most frequently studied synapse of this kind is one forming part of the monosynaptic reflex arc in the spinal cord that generates the tendon jerk response.  This reflex pathway, whose functions will be discussed in Chapter 10, consists of exactly two neurons: a primary (Ia) afferent fibre carrying impulses from stretch receptors in a muscle synapses excitatorily with a motor neuron in the ventral horn of the spinal cord, whose axon returns to innervate the same muscle from which the afferent fibre came (Fig. 3.13). Tapping the tendon of the muscle causes a brief stretch of the sensory ending, firing the Ia fibre, which then excites the motor neuron and causes a reflex twitch of the muscle - the familiar knee-jerk response, if we use the patellar tendon.  

Fig. 3.13 - EPSP

The advantage of this reflex pathway from the experimenter's point of view is that the afferent fibres are readily accessible in the dorsal root for controlled stimulation, while the post-synaptic cell bodies are large enough to be punctured easily by a microelectrode.  SYMBOL 38 \f "Wingdings"  If we apply a single brief shock to the Ia fibres whilst recording from the motor neuron, we find that the post-synaptic response consists of a small depolarisation rather similar in shape to the EPP, called the excitatory post-synaptic potential or EPSP; if it is large enough, it may trigger off an impulse in the motor neuron.  By measuring the reversal potential in exactly the same way as in the case of the neuromuscular junction (fig. 3.14), it is possible to show that the EPSP is the result of a transient increase in permeability to sodium and potassium ions.  Although this increase lasts only about as long as the action potential, just as in the case of the endplate, the EPSP itself is relatively prolonged because of the long time constant of the cell membrane. One may therefore assume that the arrival of an impulse releases some transmitter substance from the vesicles visible in the presynaptic endings and that this substance diffuses across the synaptic cleft and causes the opening of short-circuiting channels.  Could this transmitter also be acetylcholine?

Figure 3.14 reversal

It would be nice if we could simply extract the vesicles from the ending and see what was in them: but this is seldom a practical procedure.  However, there are histological stains (and more recently and usefully, immunohistochemical stains) that are selective for particular transmitters or their metabolic precursors, or for enzymes that are associated with them, which can help to identify transmitter substances.  In the case of acetylcholine, which is widely found as a transmitter within the brain as well as at the neuromuscular junction, one may stain for the enzyme cholinesterase, whose presence suggests strongly the use of acetylcholine itself.  But the mere presence of a possible transmitter in the presynaptic endings is not sufficient evidence by itself that it is actually being used as a transmitter.  There are a number of further criteria that have to be met.  We need to confirm, for example, that application of the supposed transmitter actually causes the same effects as the real transmitter.  It is not enough simply to note that both are excitatory: they must both open the same channels, and so have the same reversal potential.  Ideally it should also do so in plausibly small concentrations, but this is a diffi​cult criterion to meet because the post-synaptic membrane is very much less accessible from outside than it is to transmitter released in the proper way from the terminal.  We must also demonstrate that the real and supposed transmitter have the same pharmacology: that they are blocked by the same pharmacological agents, and that substances that inhibit the inactivating enzyme for one, and hence prolong its action, do so for the other.  Ideally, one should also be able to show that afferent action potentials really do release the supposed transmitter, but this also is often technically extremely difficult to establish adequately.  In fact it is only at a relatively small proportion of the synapses in the central nervous system that we are certain of the identity of the transmitter in the sense that all these criteria have been met.  But if one is satisfied with circumstantial evidence, then one can generate quite long lists of putative transmitters (see Box; fig. 3.15) and create maps indicating their distribution throughout the brain SYMBOL 38 \f "Wingdings" . It would be nice to think that such maps would reveal some deep pattern of meaning as regards which transmitter does what, but disappointingly this is not really so.  Knowing what the transmitter is at a particular synapse does not really help us to understand what the synapse does, not least because that is a function of the what the receptor site is linked to: the same transmitter may do many quite different things, that bear no obvious functional relation to each other (see Box).  

Fig. 3.15 Transmitters

Box ("Examples of types ...") near here - 

Box “Varieties of types of receptor”

In addition, some synaptic terminals are known to release more than one chemical, often a conventional transmitter in conjunction with one or more small peptides such as Substance P, VIP, CCK, etc., called co-transmitters, often acting as neuromodulators.  Because the peptides are often packaged in larger vesicles, further from the synaptic junction than the conventional transmitter, it has been suggested that different patterns of afferent stimulation could result in different proportions of the two kinds of transmitter being released; sustained activity would favour the peptide, bursts of activity the conventional transmitter (Figure 3.16).  Some evidence that this actually happens has been found in peripheral autonomic synapses; if it is true, the functional implications are profound, since it would provide a mechanism potentially capable of discriminating more subtle aspects of the action potential code than simply the mean frequency of firing.  We shall see later (p. xxxx) that many neurons in the CNS have mechanisms by which they can generate more complex patterns of firing such as periodic bursts.  In addition, there is increasing evidence that neuropeptides often have different kinds of effects from ‘conventional’ transmitters.  As we shall see later, they often appear to modify the action of transmitters, rather than initiating action themselves, and sometimes they are released in a more diffuse way than is typical for conventional transmitters, suggesting a function that is almost intermediate between neurotransmitter and hormone.  (Many of them are of course hormones in other contexts).  

Figure 3.16    Differential release

Synaptic integration

The situation in central neurons is not quite the same as at the neuromuscular junction.  In the brain the EPSP is much smaller than the EPP, so that a large number of them need to coincide to generate firing in the postsynaptic cell.  This is just as it should be, when you realise that a typical neuron in the brain may have something like 10,000 synapses on it: the whole point is that each neuron actually weighs up all this incoming information and decides whether to fire as the result of a complex and essentially intelligent evaluation.  Endplates on the other hand are not meant to be intelligent: we just want them to obey orders.   Consequently they generally fire one action potential in the muscle fibre for every action potential that arrives down the nerve fibre.   (However in some muscle fibres - for example, the slow fibres of the frog - no action potential is generated at all: here there is not just one endplate on the cell, but a large number of synapses distributed all over its surface.  Activation of the afferent fibres thus causes a widespread passively summated EPP over the whole cell, leading to a slow contraction of the muscle fibre, rather than a rapid action potential and a relatively fast mechanical twitch, a process a little more akin to what happens in central neurons).  

But things are very different at a typical central neuron: here post-synaptic activity is a function of the integrated discharge of all its afferent terminals.  Neurons thus exhibit what is called spatial and temporal summation.   The classical experimental set-up, with huge synchronised volleys in the dorsal root, followed by just one action potential in a motor neuron, is a good way to find out the basic mechanism of synaptic action, but a ludicrous travesty of how neurons actually go about their daily business.  Bear in mind that in ordinary life, most neurons fire most of the time.  

Neurons also show temporal summation: because the potential produced by a brief synaptic current falls off relatively slowly, it is possible to get summation of the effects of repeated stimulation of a single ending if the frequency of firing of the afferent fibre is high enough.  In fact, because of both this smoothing effect of the membrane time constant, and the very large number of endings synapsing with each neuron, most of which will probably be tonically active at any moment, it is probably more helpful to forget about the quantized nature of the action potentials at afferent synapses.  Indeed it is misleading to think in terms of individual EPSPs at all - they are essentially artefacts.  Rather, one should think of the way in which all of them together provide a combined inward current that is conti​nually varying as the result of changing patterns of afferent discharge: a trickle in the furthest dendrites, the brooks and streams that flow together into the larger and larger dendrites, that finally empty themselves into the lake formed by the cell body (Fig. 3.17).   This river system receives a continual patter of rain from the afferent synapses, with local cloud-bursts and deluges from time to time; and at the end of the lake is a water-wheel (the axon hillock) which turns repetitively to generate action potentials in response to the total flow of water.   It is possible to show that whenever a motor neuron is excited to fire by its afferent connections, the action potential actually starts not in the region near the excitatory synapses themselves but rather at the axon hillock, from which it spreads both forwards down the axon, and also backwards over the cell body and also possibly the dendrites (a phenomenon that fits less easily into the watery metaphor!)  

Fig. 3.17 Lake

This summation is not in general linear unless the synapses are sufficiently separated from one another for no interaction to occur between them.  If a particular point on the cell surface is short-circuited by an excitatory synapse, short-circuiting another point very close to the first will have little additional effect; because the membrane is already depolarised, the second synapse will contribute less additional current than it would do if it were acting on its own (Fig. 3.18). Thus although sometimes the effect of stimulating two separate afferents to a motor neuron is the sum of the effect of stimulating each separately, more often it is substantially less, a phenomenon known as occlusion. SYMBOL 58 \f "Wingdings" Other things being equal, the nearer an excitatory ending is to the axon hillock the greater will be its influence on the firing of the cell; synapses on distant dendrites will be relatively less effective : like real river-beds, the dendrites are leaky, so that much of the current generated at distant sites is lost.   (Some recent work suggests however that distant synapses may be relatively stronger, to make up for this).  Finally, there are systems of sluices that modify the local flow: these are the inhibitory synapses.

Figure 3.18 – summation

Finally, recent studies have shown that this classic view of summation by neurons must be modified in a number of respects.  In addition to simple electrical interactions between short-term effects of synaptic activity, there are also modulatory systems, discussed below, that can alter transmission by synapses and also the transfer of information from one part of a neuron to another.  In addition, it is now clear that many neurons in the brain have significant numbers of voltage-gated sodium, potassium and calcium channels, that can be capable of initiating and propagating action potentials in dendrites.  This has considerable theoretical importance, for as we shall see in Chapter 13, many important kinds of memory, mediated by changes in synaptic strength, depend on a synapse recognising that there has been simultaneous activation of both the presynaptic and the post-synaptic cell.  Back-propagation of action potentials from the axon hillock and soma could therefore be crucial to ensuring that distant dendritic synapses know that the post-synaptic cell has actually fired.  In addition, there is evidence of neuromodulators specifically acting to regulate the activity of these active dendritic processes, which could therefore both regulate the extent to which one part of a neuron talks to other parts, and also regulate whether or not learning processes are permitted to take place.

Inhibitory synapses

Now a nervous system in which the only connections were excitatory would not be a very useful one: clearly there are occasions on which the proper response to a stimulus is inhibition rather than excitation, withdrawal rather than attack, relaxation rather than activation.  In particular, the way in which our muscles are generally arranged in pairs that oppose one another implies that excitation of one muscle is usually associated with inhibition of the other, by a process of reciprocal innervation.  In the tendon jerk, for example, the reflex contraction of the muscle that is stretched is accompanied by a relaxation of its antagonist.  In this case, the inhibition of the corresponding motor neurons is brought about by branches of the afferent fibres from the stretch receptors, that after entering the dorsal cord send excitatory branches to interneurons which in turn form inhibitory synapses with the motor neurons in the ventral horn (Fig. 3.19). One might wonder why a seemingly unnecessary interneuron is interpolated in this pathway.  The reason may lie in a general rule that seems to be true of the transmitters used by cells in the central nervous system, namely that a neuron always releases the same transmitter, acting in the same way, at all its terminals (Dale's hypothesis). SYMBOL 38 \f "Wingdings" Since the stretch receptor fibres are excitatory to the motor neurons of the agonist muscle, they cannot also be inhibitory to the motor neurons of the antagonist: thus they must first excite an interneuron, by opening the same kind of short-circuiting channels that they open in the motor neurons, and this interneuron must then inhibit the antagonist motor neurons.

Figure 3.19 - inhibition

The existence of reciprocal inhibition in the tendon jerk reflex is convenient from the experiment's point of view, since it is possible first to insert an electrode in a motor neuron, and then stimulate various dorsal root fibres until some can be found that produce either excitation or inhibition of the motor neuron.  If we then give a single shock to the inhibitory fibres, and follow it with an excitatory stimulus delivered after different time delays, we can measure the time course of the inhibitory effect by measuring the size of the subsequent response to the excitatory stimulus: some results of this kind are shown in Fig. 3.19.  Here, an inhibitory shock clearly leads to a depression of the excitatory response that lasts for many milliseconds.  One may also of course simply see what happens to the motor neuron's potential when the inhibitory shock is delivered in the absence of any excitation.  One then finds that the stimulus is followed by a potential change in the neuron, of rather similar time-course to an EPSP, but of opposite polarity: this hyperpolarisation is called the inhibitory post-synaptic potential or IPSP.

To find the origin of the IPSP, we can follow our usual procedure of passing various steady currents in or out of the cell by means of one half of a double-barrelled electrode, and using the other half to measure the resultant size of the IPSP, and hence determine its reversal potential.  What we find then is that the IPSP, unlike the EPSP, gets larger and larger instead of smaller as the resting potential is reduced to zero; but that if we artificially hyperpolarize the membrane, the potential is reduced in size and eventually reverses at about -80 mV, the reversal potential for the IPSP (Fig. 3.20).  This voltage lies somewhere between the equilibrium potentials for potassium and chloride ions, suggesting an increase in permeability of chloride and potassium (Fig. 3.21).  However, it now seems likely that - as in most central sites - inhibition occurs through changes in chloride permeability alone; the apparent hyperpolarisation may well have been due to a background depolarisation caused by leakage resulting from the cell’s impalement by the microelectrode.  

Figure 3.20 – inhibition

Figure 3.21  IPSP, EPSP etc

As in the case of excitation from Ia fibres, the transmitter here is likely to be glycine.  Elsewhere in the central nervous system both GABA (gamma aminobutyric acid) and glycine have been confirmed as inhibitory trans​mitters, working through an increase in chloride permeability.  At this site in the spinal cord, the convulsant poison strychnine blocks this synaptic inhibition, and strychnine is known to block glycine receptors but not GABA.   (Where GABA is known to be an inhibitory transmitter it is blocked by another convulsant, picrotoxin, which is ineffective at this site in the spinal cord.)   Incidentally, the convulsant effect of these inhibitory blockers illustrates another general function for inhibition in the brain: if we have a large network of cells that are connected together in highly convergent and divergent pathways that are entirely excitatory, we have a situation that is poten​tially explosive.  Stimulation of any one cell is likely to lead to a chain reaction involving the progressive spread of activity over a large area, and this is precisely what is observed with convulsants like strychnine and picrotoxin.  At least as much inhibition as excitation is required if this sort of explosive response is to be avoided, and we shall see later, in Chapter 14, that special systems exist in the brain to regulate the general level of neural activity through diffuse inhibition - very like the damp​ing rods in a nuclear reactor - and thus prevent fits of this kind from occurring.

There is another site in the spinal cord where inhibition is relatively easy to study.  The axons that leave the motor neurons of the ventral horn on their way to the muscles also send off branches that turn back into the cord and innervate - excitatorily - small interneurons called Renshaw cells (Fig. 3.22).  From Dale's hypothesis we would expect the transmitter at this synapse to be acetylcholine, and this is found to be the case; it acts in the usual way, by causing an unselective increase in membrane permeability, though here the response is much more prolonged than at the neuromuscular junction, the response to a single shock being a burst of firing at high frequency.  But these Renshaw cells themselves send off short axons that in turn synapse with the pool of motor neurons by which they are stimulated, and their synapses are inhibitory.  They are relatively easy to study because one can activate the Renshaw cells by stimulating the motor neurons antidromically in the ventral root.  This kind of feedback inhibition is a common one in sensory systems as well, providing one of many mechanisms for adaptation (p.xxx).  However it is not clear that this is actually the primary function of Renshaw cells; rather, they probably serve to discourage synchronised firing that would lead to unwanted clonus in the muscle.)

Figure 3.22 - feedback inhibition

Voltage and current inhibition

We have now completed the chain of events by which stimulation of inhibitory afferents leads to release of a transmitter that then opens up hyperpolarizing channels in the post-synaptic membrane.  But how does this result in actual inhibition?  The answer is not quite as simple as might appear at first sight.  In some cases, the time-course of the inhibition mirrors quite accurately the time-course of the IPSP itself.  Other things being equal, a hyperpolarisation means that the potential has to be driven further than would otherwise be the case in order to reach threshold, and so one might well expect to find a substantial correlation between the degree of hyperpolarisation at any moment and the degree of inhibition.  But in many instances, as can be seen in Fig. 3.20, there is an extra peak of inhibition at the beginning that cannot be explained in this way, and in some cases one may find this short-term component even in the absence of the IPSP-like slow component.  It turns out that the shape of this peak is very similar to the time-course of the burst of current that generates the IPSP: this current is shorter in duration than the IPSP, being roughly the same as that of the action potential, because as usual the decline of potential back to its resting level is prolonged by the membrane capacitance.  Thus there appear to be two separate components of the inhibition that may be observed: one that is closely related to the potential at any moment (voltage inhibition), and is relatively easily explained, and one that seems to be associated with the current (current inhibition).

To see how current inhibition arises, consider two synaptic endings, one excitatory and one inhibitory, lying close to one another on the post-synaptic cell membrane.  It is clear that if both happen to be active simultaneously, they will to some extent cancel each other out, since one is a current source and the other a current sink.  The currents that would otherwise be generated by the excitatory ending, and might eventually initiate an impulse at the axon hillock, are mopped up before they have got any distance at all.  But this inhibitory effect would clearly only operate while the inhibitory channels are actually open: as soon as they close the excitatory current would be free to exert its effects at a distance as before.  SYMBOL 58 \f "Wingdings" This kind of inhibition is quite distinct from the effect of hyperpolarisation, and may indeed produce inhibition in the absence of an IPSP.  Imagine for example a hypothetical channel whose associated reversal potential happened to be exactly the same as the resting potential.  Clearly such a mechanism could not generate an IPSP; but it would still be inhibitory because while it was open it would tend to clamp the membrane potential firmly at the resting level, by draining away current generated by any nearby excitatory synapses that happened to be active: as sodium enters at one site, chloride enters at the other and effectively neutralises it.  In a sense, an increase in PCl during the IPSP does just this: because ECl is normally close to the cell's resting potential, this increase contributes nothing to the hyperpolarisation: in fact it actually makes the amplitude of the IPSP less than it would be if there were an increase in PK.  The importance of Cl- lies in its current effect, in clamping the membrane potential close to its resting level.

We can now perhaps see why it is that some inhibitory effects seem to be of the current type and some of the voltage type, or a mixture of the two.  If the excitatory and inhibitory synapses involved happen to be close to one another, the inhibition will be predominantly of the current type, and of short duration.  If they are separated, for example on different dendrites, they will not interact directly with one another, but their effects will simply summate at the site of initiation of the action potential, producing the voltage effect.  Spatial summation of excitation and inhibition is thus rather complex and - ​as in the case of summation of EPSPs - not just a matter of simple linear addition.  Again, inhibitory endings that are very close to the axon hillock region will be particularly good at preventing the cell from firing, because they will ambush the excitatory currents just before they reach the detonator region.  Indeed it is frequently found in the central nervous system that powerful inhibitory synapses are found clustering near the axon hillock and acting as a sort of guard ring around it: a sluice-gate next to the waterwheel.  

It is important not to underestimate the complexity of the processes of spatial and temporal summation in central neurons.  Each individual neuron in the brain is a little microcomputer that calculates the size of its output on the basis of the whole spatiotemporal pat​tern of excitation and inhibition that it receives from the enormous number of afferent fibres that drive it.  When we look at the varying dendritic shapes of different kinds of neurons - sometimes of extraordinary complexity (Fig. 1.8) - we are in a sense looking at something like a diagram of the rules that  determine the neuron's behaviour.  Furthermore, although we have been treating the production of action potentials in the axon as the final out​put of the cell, it is important also to remember that the intermediate slow changes in potential that occur in remote dendrites as the result of local synaptic activity may, in some cases, generate other outputs as well.  There are many sites in the brain (notably the retina and olfactory bulb) where dendrodendritic  synapses occur, and transmitter is released locally by dendrites in response to the potential changes caused by nearby synaptic cur​rents, rather than to action potentials.  Indeed, neurons of this kind need not possess axons at all.

Presynaptic modulation

A phenomenon that puzzled early investigators was that sometimes one could find clear evidence of inhibition of a cell - in the sense that stimulation of certain fibres resulted in a reduction of the usual response to stimulating other afferents - without any corresponding change in its potential or permeability.  In some cases this could be explained as 'remote inhibition': in other words, an interaction between neighbouring inhibitory and excitatory endings of the type just described, on a dendrite so far from the recording site that although the inhibitory synapse was capable of cancelling the effect of the excitatory one through current inhibition, it could not generate currents large enough to be measurable to the cell body (Fig. 3.23).  But when histologists first noticed that not all the synaptic endings that could be seen in the cord were between axon and cell body or dendrite, but that on the contrary there were many occasions when an ending appeared to terminate against another ending that in turn synapsed in the conventional way (an axo-axonic synapse: Fig. 3.23), it became clear that another possible explanation of inhibition in the absence of any detectable change in the post-synaptic cell was possible: that of presynaptic inhibi​tion.  The notion here is that the ending on the second terminal, the modulatory ending, may somehow hinder the latter's excitatory action, and so cause inhibition of its effects without influencing the post-synaptic cell in any way.  This inhibition can occur in a number of different ways.  The most common is simply through the activation of conventional inhibitory channels at the terminal, resulting in a reduction in the size of the action potential and thus a decreased entry of calcium.  GABA B receptors are often found on presynaptic terminals, implying very strongly that they mediate such a mechanism; but since these receptors are indirect, increasing cAMP, it is conceivable that this operates directly to reduce transmitter release; other receptors found on presynaptic membranc are the 2-adrenoceptor and 5HT1 (serotonin) receptor.  Paradoxically, a conventional ‘excitatory’ mechanism, with an Erev around zero, can have a similar effect.  Because there is a very sharply rising increase in the rate of release of transmitter as a function of the potential across the ending, during the entry of the action potential it is really only the peak of the impulse that contributes significantly to the number of vesicles that are released.  So if we open up short-circuiting channels in the terminal itself, although admittedly the consequent depolarisation of the resting potential should increase the steady rate of transmitter release, equally it will reduce the peak potential of any afferent impulses, by pulling the membrane potential towards zero, and also through the reduction in excitability caused by steady depolarisation (see Chapter 2, p. [whatever it is]).   Since the peak is what counts, this latter effect will more than compensate for the resting depolarisation, and the consequence will be a reduction in the amount of transmitter released by the terminal, and hence in the size of the ensuing EPSP.  One site where this may be the mechanism for PSI is on the terminals of primary afferents from mechanoreceptors, in the dorsal horn.  Selective stimulation of the small fibres of the dorsal root tends to cause a quite long-lasting inhibition of the monosynaptic response to stimulation of the Ia afferents.  

Figure 3.23 - PSI 1

Figure 3.24 PSI 2

In some invertebrates such as Aplysia an analogous process of presynaptic facilitation may be seen.  Here the mechanism is much better understood: the modulatory ending releases a transmitter, serotonin, that enhances transmis​sion by increasing the level of cAMP within the presynaptic ending.  This in turn increases the size of the presynaptic action potential by reducing potassium permeability.

Functionally, presynaptic inhibition has the advantage of being rather more precise and specific in its actions than post-synaptic inhibition.  In the latter case, an inhibitory ending acts on the post-synaptic cell as a whole, regardless of what the source of excitation may be (although it will affect some excitatory afferents more than others because of the spatial effects outlined earlier).  But pre-synaptic inhibition provides a mechanism whereby certain inputs may be disabled while others are left unhindered: a gating function, which implies control over which of the many types of input to a cell may or may not be allowed to influence it.  In the case of a motor neuron, we shall see that many different neuronal pathways converge to form synapses on it: tendon jerk reflex afferents, inhibitory afferents for reciprocal inhibition, descending fibres from the higher levels of the brain, afferents controlled by pain and other receptors in the skin, Renshaw cells, and many others.  It would clearly be an advantage to be able to alter the strength of some of these inputs independently of the others, and presynaptic inhibition provides a mechanism for doing this.  

Modulators can act at other sites apart from the presynaptic terminal, for instance altering post-synaptic responses and probably also altering the extent to which dendrites can transmit action potentials.  The latter could be particularly significant: as was noted earlier, prevention of back-propagation would be expected to impair or prevent the learning that occurs through synaptic strengthening, and there is good evidence that acetyl choline, acting as a modulator, may function in this way.

Long-term changes in excitability

All the phenomena described so far in this chapter are really rather brief in duration, and fall into the category of what has been described as 'millisecond physiology'; but some other synaptic phenomena are of a rather longer time scale.  

The first of these concern the effects of repetitive stimulation, effects most easily seen at the neuromuscular junction or at autonomic ganglia.  If we stimulate a frog neuromuscular junction with a short train of action potentials, under suitable conditions we may find that size of the evoked EPPs gradually increases throughout the period of stimulation, a phenomenon often called facilitation though of course it is distinct from the serotonergic facilitation described earlier.  A change in synaptic strength induced by activity in a different synapse is heterosynaptic; if it is induced by its own activity it is homosynaptic.   Homosynaptic facilitation is a presynaptic rather than post​synaptic phenomenon, and due to an increase in the amount of transmitter released by each action potential.   One fundamental mechanism seems to be that not all the calcium that enters in one action potential is pumped out again before the next, so that its concentration within the ending steadily rises, resulting in increasing numbers of vesicles being released.  Confirmation for this explana​tion comes from the fact that the rate of miniature endplate potentials is raised after the end of the pulse-train.  If, however, we stimulate for a long period at a rather high frequency, we find a reduction rather than increase in the size of the synaptic potential: this reduction is called post-tetanic depression, and is thought to be due simply to a depletion of the amount of transmitter in the ending that is available to be released.  If the vesicle release is blocked by lowering the calcium content of the medium, it is found that instead of declining, the size of the evoked potentials actually increases (post-tetanic potentiation).  A possible explanation for this phenomenon is that the arrival of an action potential at the ending not only causes the release of transmitter, but also in some way promotes the mobilisation of stored transmitter so that it is more readily available.  Normally, this mobilisation is insufficient to keep up with the rate at which transmitter is being used up when the nerve is tetanically stimulated, and post-tetanic depression is observed; but if the rate of release is artificially reduced the transmitter begins to accumulate, result​ing in a gradual increase in the amount of transmitter which is released by each action potential.

The mechanism by which neural activity stimulates transmitter mobilisation as well as release is at present unknown.  In this context it is worth remembering that in many neurons the transmitter is synthesised in the cell body rather than in the endings.  It is transported there by means of a specialised system that is probably associated with the activity of neurotubules and neurofibrils within the axon, at rates that may be as high as 15 mm/hour and it is quite possible that this transport mechanism may also be stimulated by the electrical activity of the axon.  Another way in which the effectiveness of a synapse may undergo slow modification, that has been demonstrated in some invertebrate neurons, is by gradual inactivation of the calcium chan​nels in the presynaptic ending as a result of its activity: this will reduce the cal​cium entry and so cause a reduction in transmitter release.  Yet another mechanism is the existence of autoreceptors, receptors on the presynaptic ending that respond to the transmitter that the ending releases, and then cause longer-term regulation of presynaptic function.

The most interesting long-term alterations in synaptic activity are those which are associated with learning.  We shall see later that it appears to be possible to explain all of the different kinds of memory and learning that the brain is capable of by postulating changes in synaptic effectiveness that are a function of the patterns of activity that the pre- and post-synaptic cells have experienced, and synaptic receptors with exactly these postulated properties are now well established (NMDA receptors).  These phenomena are called long-term potentiation (LTP) and long-term depression (LTD), though these terms are misleading in that LTP and LTD are almost always induced heterosynaptically.   These phenomena are discussed in the context of learning, in Chapter 13 (p. xxxx). 

A rather simpler phenomenon that is more appropriately discussed here because of its obvious relation to adaptation is habituation.  Like adaptation, habituation is a decline in response to a constant stimulus; but whereas adaptation means a decline during the application of a continuous stimulus, habituation implies a decline in the successive responses to a stimulus that is repeatedly applied.  It is essentially a high-level phenomenon, seen not in the responses of sensory receptors but rather in behavioural responses to stimuli and in the parts of the brain that control behaviour.  As a consequence, it is typically very specific to one particular pattern of stimulation - in a way that cannot be explained by simple adaptation of peripheral receptors.  For instance, when one reads for the fourth time in a month of some appalling plane crash one is rather less shocked than the first time; but this is evidently not because of adaptation in the eye.  Again, the fact that one is not continually aware of the somatic sensations produced by one's own clothes is often attributed to adaptation by touch receptors in the skin.  But this is clearly wrong, for the stimulus here is repeated rather than continuous, and sensitivity to other patterns of stimulation is not affected: it is actually due to habituation.

Finally, an entirely different phenomenon that can contribute to relatively long-term changes in excitability arises because of the way in which the neural elements of the central nervous system are densely packed together with apparently rather little extracellular space.  Under such circumstances, ionic concentration changes, of a kind that we can usually neglect when considering transmission in peripheral axons, may cause long-term changes in permeability and excitability.  Potassium is the villain here, for although the concentration changes of Na and K are equal and opposite as a result of the passage of action potentials, because external [K+] is normally very low, a given change in concentration has a relatively larger effect on EK than on ENa; furthermore, the EK has far the greater influence on the resting potential.  Thus activity in any one neuron tends to cause neighbouring neurons to depolarise, over a long time-scale.  

To an extent this effect is mitigated by the ubiquitous glial cells, that occupy most of the space not taken up by the neurons themselves, which they outnumber by two to one or more.  One kind of glial cell is the oligodendrocyte, responsible for laying down myelin in the CNS, as Schwann cells are in the periphery.  Another variety are the microglia, which are believed to function very like macrophages.   But the third type, the astrocytes, are the most interesting.  Like neurons, they have highly branched dendritic structures.  With this they make intimate contact with neurons, blood vessels, and other astrocytes, but they do not carry impulses; microelectrode recording shows that they help to buffer potassium changes, and the astrocytes themselves exhibit changes in potential that reflect the local concentration of potassium in their environment and are spatially integrated through the gap junctions that they make with one another.  They also have a role in mopping up glutamate, which is converted into glutamine and offered back to neuronal terminals. This is an essential and clinically extremely significant function, as excess glutamate is toxic to neurons: this excitotoxicity is liable to cause further neuronal death after brain injury.  For all we know, astrocytes may play some more active role than merely providing housekeeping services for central neurons.  In a sense they form a communication system within the brain that is related to, but independent of, the actual neurons (rather like the canals and streets of Venice) and it is not wholly impossible that they perform some computing functions over a larger time-scale than neurons do, and perhaps on a wider scale.  

The development of synaptic connections

Finally, there is the interesting and really rather basic question of how synaptic connections are set up in the first place.  The human brain is perhaps the most complex structure known to Man, and if we understood the rules that govern the way in which its innumerable and intricate synaptic connections are specified and formed, we would have come a long way in our understanding of its function.  Bearing in mind that there are some 1012 neurons in the brain, and that each one receives and gives on average some 104 synaptic connections, it is quite inconceivable for these patterns to be specified in detail by the instructions for building the brain embodied in our DNA.  Though the broader structure of the brain - in terms of tracts that connect nuclei and other sub-populations that are relatively homogeneous within themselves - might be genetically specified, one must conclude that the connections between individual neurons are either essentially random, or more probably that they are in some way governed by our own sensory experience.  The latter is an attractive hypothesis, since it implies that the structure of the brain may in a sense be capable of self-organisation, of adapting itself to the particular tasks and the particular types of sensory stimulation it has to cope with.  In this sense the brain may be thought of as rather like a telephone exchange, in which, when first built, only the broad outlines of the connections between its various elements are specified by its designer, and up to a point almost every unit in it is potentially capable of connection with every other.  Once in use, the actual pattern of links at any moment is clearly a function of the patterns of impulses that subscribers have sent to it from their telephone dials.  It is also clear that something of this sort must be present to explain the modification of synaptic connections as a result of experience that is implied by the existence of memory, a topic that will be pursued further in Chapter 13.  This is a very active area of research, and it is becoming clear that in particular cases there do exist mechanisms by which the brain can in effect build its own connections so as to adapt itself to a particular task, and that the instructions given it by the genetic code are essentially rather vague.  is an area rather beyond the scope of this book, and Unfortunately, however, neural development lies essentially outside the scope of this book and there is not room here to do more than mention a few underlying principles and simple examples; for further information there are several up-to-date and readable accounts that may be consulted.

Consider first a question that may already have occurred to you.  Clearly a synapse will only function properly if on the post-synaptic membrane there exist receptors that match the transmitter released by the presynaptic terminal.  Often one finds nuclei containing a mixture of cell types, and groups of incoming fibres that connect specifically with one cell type or another.  Is there then some mechanism that guides the tip of a develop​ing axon towards only those cells that have receptors corresponding to its own transmitter?  Or is it rather that when a nerve fibre approaches another neuron, in some way it stimulates the manufacture of the appropriate kind of receptor site? One piece of evidence on this point comes from the study of the formation of the neuromuscular junction.  If acetylcholine is applied locally to different parts of a muscle cell's surface, it is found that only the region underlying the neuromuscular junction will respond with depolarisation: presumably the cholinergic receptors are confined to the post-synaptic membrane.  If we now cut the nerve fibre to the muscle we find that progressively more and more of the muscle cell's surface becomes sensitive to the transmitter, a phenomenon called denervation hypersensitivity.  But if a new axon starts to grow towards the muscle cell, this process is reversed, and once again we find that the response to acetylcholine becomes limited to the region where the new junction is developing.  It seems therefore that the presence of the nerve ending, presumably by the release of some substance, either attracts the receptors, or at least encourages their formation while suppressing those that are present elsewhere.  We saw in Chapter 1 that damage to an axon not only causes degenerative changes in the parent neuron, but may also produce transneuronal degeneration in the neurons with which it is in contact.  The implication is that synapses are not merely for communication, but are also trophic: they not only transmit messages, they also contribute to the maintenance of the cells they contact.

Furthermore, it appears that the development of hypersensitivity is itself in turn a stimulus that attracts nearby axons and leads them to form new synaptic junctions.  A normal frog muscle fibre has only one neuromuscular junction, and if a severed motor nerve is placed in its vicinity it will not form additional endplates to it.  But if the original innervation is cut, it is found that the resulting hypersensitivity is also accompanied by the acceptance of a synaptic junction from a fibre that previously was ignored.  In the same way, transplanting an extra limb at an inappropriate site in many amphibia leads to new fibres growing out from the central nervous system to innervate it, through the release of a small protein, nerve growth factor, that attracts potential axons.

Similar work on the regeneration of neural connections in amphibia (regeneration is not observed - at least not over such large distances - in the mammalian central nervous system) has shown that this guidance of neurons on to their targets can sometimes be even more specific; not just on to the correct type of cell, as defined by its receptor properties, but even on to the correct part of an extended mass of such cells.  In the frog, there is an orderly projection of the fibres of the optic nerve to the frog's 'visual brain' (the tectum), that preserves the topology of the retinal image.  If the optic nerve is cut, it is found that the fibres not only regenerate back to the tectum, but do so in such a way as to retain, at least approximately, their correct spatial arrange​ment.  The details of the mechanism by which this specificity of connection arises are not fully understood, but in many cases the guidance seems to be due to the release from the target call of neurotrophic factors (of which nerve growth factor is an example) that influence approaching axons.  It is perhaps worth emphasising that in these experiments the guidance is anatomical rather than functional: if, after cutting the optic nerve, the frog's eye is rotated in its orbit through 180SYMBOL 176 \f "GreekMathSymbols", the pattern of the regenerating fibres is not also rotated through 180SYMBOL 176 \f "GreekMathSymbols".  As a result, the animal's subsequent visual behaviour is inverted, with upward movements in response to objects in the lower visual field, and so on.  In other words, there is no suggestion in these experiments that the pattern of activity in the incoming fibres can influence the pattern of their connections.

But other recent experiments in mammals have shown that connections can in certain circumstances be altered by the pattern of neural activity, in such a way that only useful connections are formed, or useless ones are lost.  For example, the cells of a cat's visual cortex (Chapter 7) are usually found to be driven in almost equal numbers by each eye, and many by both.  But if one eye of a kitten about 5 weeks old is kept closed, even if only for a few days, one finds when it has grown up that the number of its cortical cells that are driven by the eye that had been closed is very greatly diminished.  There has been no anatomical interference here: the only difference between the two eyes was the degree of their neural activity during the period of closure, so it must follow in this case that the synaptic connections have been influenced by the pattern of neural activity experienced.  What seems to happen in the course of development is that initially there is an excess of synaptic contacts, that form randomly in a somewhat promiscuous way.  But at a certain critical period in development, perhaps because of a fall in the general level of neurotrophic factors, there is intense competition between endings and neurons, and those which are in some sense less successful than others simply degenerate or die.  Recently, some of these neurotrophic factors have also been shown to have immediate modulatory effects on presynaptic activity, thus blurring still further the distinctions between development, memory, and short term modulation.

Sensory receptors

Types of transduction

A process by which energy of one form is converted into energy of another is called transduction.  The energy incident on a receptor cell, whether thermal, electromagnetic, mechanical or chemical, must be turned into electrical energy in the form of potentials across the cell membrane, that eventually cause release of transmitter.  As we have seen, in general the effect of the stimulus energy is to alter the permeability of the cell membrane to certain ions, resulting in a flow of current and a movement of the potential towards some new equilibrium value.  

But not all kinds of energy are able to do this in any particular receptor.  It is clearly important, if the brain is to make any sense of the outside world, that receptors respond specifically to certain kinds of stimulus, perhaps light, or heat.  For this reason, transduction is in effect preceded by a specialised energy filter that allows certain types of energy through to cause electrical effects, and not others (see Box on p. whatever it is).  This filtering is seldom absolute: the receptors of the eye, for example, though exquisitely sensitive to light, will also respond to mechanical deformation if it is severe enough.  If in the dark you shut your eye and press on the side of it with your finger, you will see a faint blue patch of light called a phosphene: the receptors respond to mechanical stimulation by sending the brain exactly the same message that they would have sent if a real blue light had been present.  Specificity of receptors is in fact a relative matter, and many receptors are actually surprisingly unspecific in what they respond to.  Fine discriminations between one type of stimulus and another are to a large extent the work of the central nervous system rather than of the receptors themselves.  

Box ("Classification of sensory receptors") near here - 

Transduction in the Pacinian corpuscle

One receptor that because of its peculiar anatomical structure happens to be very specialised indeed has been studied in great detail, and that is the Pacinian corpuscle (Fig. 3.25), a mechanoreceptor found in the skin and mesentery.  Here the naked tip of an otherwise myelinated axon is sheathed in concentric onion-like layers called lamellae that shield it from virtually every type of stimulus except that of mechanical deformation.  It is a good preparation for studying the transduction process in general, since one can easily isolate individual corpuscles and record their electrical responses to precise mechanical stimuli applied to the capsule's surface.  A convenient means of stimulation is to hold against it a probe mounted on a small piezoelectric crystal: when a voltage is applied across the crystal, it changes its shape slightly and causes a controlled deformation of the capsule, and a change in membrane permeability.  Now a complicating factor when trying to measure the relation between a stimulus and the permeability changes that result from it is that if the permeability changes are big enough they will trigger off action potentials that will in turn interfere with the very permeab​ilities one is trying to measure.  Consequently it is helpful to disable the active properties of the axon by poisoning it with a substance like tetrodotoxin that blocks the voltage-dependent sodium channels.  If this is done, we find that mechanical stimulation of the ending results in a depolarisation of the axon - the generator potential - whose magnitude depends on the size of the stimulus.  

Figure 3.25 - Pac corp

To find out more about the permeability changes giving rise to these potentials we can do what was described in the case of the neuromuscular junction, measurement of the reversal potential.   We can create different artificial resting potentials simply by passing a steady current into its axon, and the reversal potential turns out to be very close to zero.  The simplest kind of permeability change that would generate an equilibrium potential around zero would be an increase in both sodium and potassium permeability.   So when we deform the cell membrane it seems that we open up ionic channels in it which are permeable to all ions and so act as a sort of short-circuit: perhaps distorting the membrane simply increases its leakiness.

Adaptation

A striking feature of the response that is obvious in Fig. 3.26 is that its time​-course is very different from that of the stimulus itself.  If we apply a prolonged but constant deformation to the surface, we find that the generator potential rises quite rapidly to a peak, and then spontaneously falls back again to the resting potential; when the stimulus is removed a second peak is generated.  The cell seems, in fact, to respond to changes in the degree of stimulation rather than to its steady level, a very common type of receptor response that is called adaptation.  It turns out that much of this adaptation is due to the mechanical properties of the lamellae that surround the ending, that act as an energy filter.  If we strip them off, and apply the stimulating probe directly to the surface of the axon, we find that although the generator potential still falls off after its initial rise, it remains depolarised so long as the stimulus is maintained, with no hint of a second peak of depolarisation when the stimulus is removed (Fig. 3.26c). This kind of response is known as incomplete adaptation, as opposed to the complete adaptation seen when the lamellae are intact, and the response falls to zero. SYMBOL 58 \f "Wingdings"
There is a simple mechanical model of the Pacinian corpuscle that explains how it filters out steady levels of stimulation (Fig. 3.27). We can think of the end of the axon itself as behaving in a simple elastic manner, so that any force applied to it results in a corresponding deformation, and hence in a change in permeability.  The lamellae on the other hand behave very differently because they are separated from one another by layers of viscous fluid: when a steady pressure is applied to a particular part of the capsule, the lamellae in that region slowly collapse as the fluid between them oozes sideways to neighbour​ing regions.  This slow collapse is characteristic of what engineers call viscous elements, as in the oil-filled cylinders or dashpots that make up part of the shock absorbers fitted to car suspensions or to the tops of swing doors, while the axon tip acts as a purely elastic element (the spring symbol; viscous elements are represented as schematic dashpots) SYMBOL 38 \f "Wingdings"In the case of the Pacinian corpuscle, both these elements are connected in series: if we apply a sudden steady displacement to the outer end of the viscous element, at first there is no time for it to collapse, and the displacement is taken up by the elastic element, which is thus compressed.  But in being compressed (B, Fig. 3.26), it exerts a force on the viscous element which then tends to collapse (C,D), through the sideways oozing of fluid described above.  The elastic element, the axon itself, therefore gradually resumes its original shape, and the potential returns to its resting value.  But if the stimulus is removed (E), the whole process is reversed: at first the elastic element must stretch to take up the new displacement, but in doing so it pulls on the viscous element, expanding it again (F,G), so that in the end all is as it was originally. SYMBOL 58 \f "Wingdings" It is clear that deformation of the axonal ending only occurs in association with change in the stimulus that is applied, and that in the case of a steady stimulus it will be deformed both at the onset and cessation of the stimulus.  If we suppose that inward and outward deformations of the cell membrane are equally good at causing changes in permeability, then we can see how the biphasic generator potential of Fig. 3.25 comes about.   This indifference to the sign of a stimulus is quite exceptional amongst receptors, however, and is one of several respects in which the Pacinian corpuscle - though a popular example of adaptation - is not at all typical of receptors in general.

Figure 3.26 - Pac model 

This kind of mechanical filtering is a common one in the body, and we shall meet it again in discussing the stretch receptors that are found in muscles.  It is sometimes called a high-pass filter because it passes high-frequency vibratory stimuli much better than low-frequency vibrations of the same amplitude, since for a given amplitude of vibration the rate of movement is higher at high frequencies than at low.

This is precisely what does happen in the Pacinian corpuscle, where a steady deformation normally produces only one action potential when the stimulus is applied, and another when it is removed: the accommodation of the ending is too great for the rate of depolarisation after the action potential.  But this is not at all typical of sensory receptors, which generally respond to a steady stimulus with a continuous train of impulses.  Under these conditions, adaptation will manifest itself as a steady decline in firing frequency after application of the stimulus, as may be seen in the responses from various receptors shown in Fig. 3.27. If the receptor is of the completely adapting sort, it will eventually stop firing altogether; otherwise the frequency will decline to some steady level.  Receptors vary a great deal in the speed with which this decline occurs.  Some, like the Pacinian corpuscle, are very fast; others, like the receptors in the semicircular canals that adapt over some twenty seconds, are very slow.  It is important not to confuse speed with degree of adaptation: fast-adapting receptors may be completely or incompletely adapting, and so may those that adapt only slowly (Fig. 3.28).

Figure 3.27 - adaptation examples 

Figure 3.28 - complete/incomplete etc. 

There are many receptors in which adaptation is at least partly due to energy filtering, similar to what is done by the lamellae of the Pacinian corpuscle.  The muscle spindle stretch receptor for example has a mechanical high-pass filter that behaves in a very similar way.  Adaptation in the Pacinian corpuscle cannot be entirely due to the lamellae, since we have seen that there is still a decline in response at the beginning of a period of constant stimulation even when they have been stripped away.  In most cases at least some adaptation is also the result of the membrane adaptation that was described in Chapter 2 (p. [whatever it is]), which is a universal feature of neurons of all kinds.  One way to demonstrate this is to by-passing the transduction stage altogether and sending currents directly into the cell through a microelectrode.  A third way in which adaptation may occur is by cellular modification of an indirect transducer mechanism. In the eye, for example, incident light causes intracellular calcium to fall, which lowers the receptor's sensitivity during steady illumination.  

Figure 3.29 may help to summarise the whole sequence of events in sensory receptors, and the stages at which adaptation may occur.  The energy impinging on a receptor is first filtered, possibly by virtue of surrounding structures as in the Pacinian corpuscle, or in the visual receptors of some birds where little coloured oil droplets contribute to their colour selectivity.  This filtering may incorporate an element of adaptation.  It then brings about - by mechanisms that are yet unknown - a change in the permeability of the neuronal membrane, which if indirect may also be subject to adaptation.  This in turn produces a generator current causing depolarisation.  In 'long' receptors, if conditions are right, this may be followed by repetitive firing at a frequency dependent on the degree of stimulation, although this frequency will in general decline because of membrane adaptation.  Otherwise, if the degree of accommodation is too great in relation to the rate of depolarisation after the first impulse, only a single action potential will occur.   

Figure 3.29 - sites of adaptation

Efferent control

Another way in which this chain of events may be modified is through efferent control.  Here, signals from the central nervous system are sent back to the receptor, and may act either on the energy filter or on the coupling between terminal depolarisation and transmitter release (Fig. 3.29).    If these efferent signals are driven by the signals coming from the receptor, and they are such as to reduce the receptor's sensitivity, then they will effectively function as negative feedback, a further source of adaptation.  A well-known example of central control over energy-filtering is the iris of the eye, which shrinks as the ambient light level increases; this reduces the stimulus and thus the degree of neural stimulation.  But very often the control is exerted quite independently of the afferent signals.  As we shall see in Chapter 5 (p. [whatever it is]), muscle spindles receive efferent fibres that affect their sensitivity to stretch, that essentially specify the range over which the receptor should be working.   Efferent control over transmitter release, typically through inhibitory efferent synaptic terminals, is often found on mechanoreceptors in particular, for instance on hair cells in the inner ear and on terminals of afferents from the skin, in the dorsal horn of the spinal cord (see below, p. [whatever it is]), but they do not seem to be essentially for adaptation.

Functions of adaptation

It may perhaps seem strange that the pattern of impulses generated by what is supposed to be a pressure receptor should be so very different from the time​-course of the stimulus that it actually experiences (Fig. 3.26); it looks as though the receptor is throwing away useful information.  Is there any advantage in signalling changes rather than steady levels?

In the first place, it is not quite true to say that information has been thrown away.  So long as the brain 'knows' how an adapting receptor responds to different patterns of pressure, it can in principle reconstruct the time-course of the original stimulus from the coded signals that it receives from the receptors, so that no information is really lost.  But we have certainly lost a lot of action potentials, and one advantage of adaptation may be that it makes for economy of nervous impulses.  If a stimulus tends to remain constant for long periods of time, with only occasional shifts to some new value - for example the pressure sensed by Pacinian corpuscles in one's buttocks during a long lecture - then there is little point in sending a stream of information to the brain which only tells it, in effect, that nothing has happened. SYMBOL 38 \f "Wingdings"  Since the same information could have been carried by many fewer impulses, by sending a message only when something new happens that might call for a response, one general function of adaptation could be said to be to get rid of unnecessary action potentials - it reduces the redundancy of the messages that are conveyed.  Similar mechanisms are used in computers when storing data on disk: since computer data often contains long strings of repeated bytes, by storing only information about changes files can be considerably compressed. 

A second possible reason for the widespread existence of adaptation in sensory systems is that it may improve sensitivity by increasing the signal-to​-noise ratio of the receptor. SYMBOL 38 \f "Wingdings" This is a concept that is fundamental to under​standing the coding of sensory information, and is well worth the little investment of intellectual effort needed to master it.  Any signal, whether it consists of frequencies of action potentials or simply of varying voltages as in a telephone wire, is inevitably subject to a certain degree of uncertainty on account of the all-pervasive random noise that is an inescapable feature of the physical world.  For example, if we measure the frequency of firing of a sensory fibre under conditions that are as constant as we can make them, we shall find nevertheless that the frequency we observe is not fixed, but undergoes continual random perturbations (Fig. 3.30). This noise may be due to small changes in the temperature or chemical environment of the receptor, to slowly acting properties such as fatigue that are not under our control, or, ultimately, to the fact that the ions whose movement generates the potentials we measure are themselves in continuous random thermal motion, so that the currents they carry must equally be subject to a certain degree of unpredictability.  Thus we can never say that a nerve is firing exactly 70 times a second: the best we can do is to estimate with more or less confidence that its frequency lies somewhere between 69 and 71 Hz.  This in turn puts a limit on the amount of information that a fibre can carry.

Figure 3.30 - signal/noise  

Now the function of a nerve axon is to convey messages from one place to another: in the jargon of information theory, it is a communication channel.  The most fundamental thing we need to know about any communication channel, whether it is a telephone wire or the cable that joins a computer to its printer, is what its capacity is.  How many different messages can it convey in a given time?  In the case of nerves, this amounts to asking how many distin​guishably different frequencies it can fire at.  Clearly, the refractory period sets an upper limit to firing frequency, perhaps around 500 Hz or so.  One might think that since it could fire at any frequency below this limit, the number of possible frequencies (and thus the number of different messages it could send) must be infinite.  But this is not so, for the existence of the noise that has just been described means that the brain may not be able to discriminate between frequencies that lie close together, because of the impossibility of determining exactly what the frequency actually is at any moment.  More specifically, if we call the size of the largest signal that a nerve fibre can carry S, and the amplitude of the ever-present noise N, then the number of different frequencies that can be discriminated reliably from each other is only of the order of S/N (Fig. 3.31).  For example, if the noise in a fibre leads to an uncertainty of about 1 Hz in determining its frequency, the ratio S/N - the signal-to-noise ratio - will be 500: in other words, at any moment the nerve can only convey one of 500 distinguishably different messages.  Now if one thinks of this as being equivalent to an accuracy of one part in 500, or 0. 2 per cent, this may not seem too bad a performance.  But the problem is that the dynamic range - the ratio of the largest stimulus normally encountered to the smallest - over which most receptors have to operate is exceedingly large.  In the case of the eye, for example, the dynamic range corresponds to the ratio between the brightness of the sun and the visual threshold in the dark, and is of the order of  1015.   If there were no adaptation in the eye, and each receptor coded a particular level of light intensity directly as a particular steady frequency of firing, its 500 possible output levels would have to be spread - pretty thinly - over the entire 1015  range of possible inputs – just as a thermometer measuring from 0 to 500 deg would not me much use for monitoring body temperature. Clearly, a just-discriminable difference in receptor firing would correspond in general to a very large difference in light intensity, and our power of perceiving small differences in intensity would be very much worse than it actually is.  But in practice the whole of this  1015  range is never present in our field of view at the same time, and - for reasons that are explained in Chapter 7 - the ratio between the darkest and lightest parts of our field of view at any particular instant is typically only about 1: 100.  It is true that in the course of the day the absolute level on which this range of brightnesses is centred may fluctuate very widely indeed, as the sun rises and sets, and night follows day.  But these shifts of absolute level, as well as being of little interest to us, are comparatively slow.  Adaptation, acting as a high-pass filter, will tend to get rid of them, leaving behind the significant and relatively rapid changes of intensity that are generated by our eye-movements as we look around, and which lie in a dynamic range that is not so very different from that of the nerve fibres themselves.  Adaptation, in other words, provides a kind of automatic sliding scale by which the limited signal-to-noise ratio of our neurons can be shifted to match the range of inputs we are interested in, ignoring slower and larger changes of the baseline that could only be accommodated by sacrificing overall sensitivity (Fig. 3.12).  This argument assumes, of course, that the slow changes really are unwanted: one man's noise is another's signal.  One may find a separate population of cells that are relatively insensitive but which do provide information about static levels, acting parallel with adapting channels: in the eye, there are a very few cells that do not adapt, and are used to signal time of day and to control the pupil.  But as a general rule, things that don't change don't demand a response and need not be coded. 

Figure 3.31 - signal/noise 2 

Adaptation thus acts like the automatic level control sometimes fitted to tape recorders, which automatically adjusts the amplifica​tion to compensate for the average level of sound that is being recorded, but lets through the more rapid fluctuations that constitute the sound itself.  In the case of the Pacinian corpuscle, for example, it means that we can be made aware of very small changes even when superimposed on large steady back​ground pressures - for example in the soles of the feet when stand​ing - because adaptation -has again shifted the scale of the receptor to allow for the steady background.  

Finally, for proprioceptors such as joint receptors and muscle spindles that essentially give information about position of the limbs, the fact that adaptation implies response to rate of change rather than to steady levels means that such receptors, if completely adapting, will essen​tially signal velocity of the limbs rather than position, which may be more relevant in the control of certain kinds of movement such as throwing.  Rate of change is a particularly important thing for the brainto measure, because it enables it to predict the future; apart from anything else, this enables feedback systems to compensate for the inevitable time delays caused by the slowness of nervous conduction. 
Figure legends

Fig. 3.1  The requirements for electrical transmission.  (a) If a presynaptic current Iin is to create a sufficiently large depolarisation Vout of the post-synaptic cell, sideways leakage through RL must be small:  so the forward resistance RF needs to be much less than RL.  This can be achieved with a gap junction or tight junction (b).  Even if loss through RL is negligible, if the post-synaptic is large in comparison with the presynaptic ending (c), its large capacitance and small resistance result in a low impedance, and Iin may still be insufficient to cause a threshold change in Vout.  This would be the case for an ordinary neuromuscular junction.

Fig. 3.2  Membrane structures that help neurons communicate.  Above: direct intercellular contacts.  Tight junctions prevent sideways leakage of currents or solutes; gap junctions permit them to flow directly from cell to cell.  Below, types of membrane channel, shown in the symbolic form used throughout this book.  

Fig. 3.3  Specific examples of receptor mechanisms.  Above, two cholinergic receptors: nicotonic (direct ligand-gated channel) at left, and muscarinic, causing increased PK (indirect, via G-protein) at right.  Middle, a -adrenergic receptor also using a G-protein, in this case resulting in cAMP.  Bottom, two sensory receptor mechanisms, both using a G-protein, in one case (olfaction) to increase membrane permeability, and in the other (light) to decrease it.

Fig. 3.4  Mechanisms increasing internal Ca2+ in response to external stimuli.  Left, indirect: hormone or transmitter indirectly promotes the production of an intracellular messenger (in this case, IP3) that releases calcium from internal stores.  Right, direct: a transmitter, or depolarisation, opens channels that allow calcium to enter from outside.

Fig 3.5 One transmitter may have different actions.

Fig. 3.6  Types of intercellular communication.  At left (a), a cell that responds to a stimulus S by producing a secondary messenger X, that may cause the release of a transmitter (or hormone) T in addition to purely internal effects.  Then two examples of short neurons without action potentials: in each case a depolarisation of the terminal opens voltage-sensitive calcium channels that trigger the release of T; in one case (b) this depolarisation is the result of the opening of membrane channels by X (indirect transduction), while in (c) the membrane receptor that responds to the stimulus also opens the channels (direct transduction).  In (d), a longer neuron, the initial depolarisation results in the propagation of repetitive action potentials, which again result in calcium entry at the terminal.  S may be a transmitter or hormone rather than an external stimulus, as in interneurons. 

Fig. 3.7  Somewhat stylised representations of some synaptic types.  (a) Neuromuscular junction. (b) Two types of presynaptic axonal endings synapsing with a dendrite; the synapse on the right is with a dendritic spine. (c) A three-way synapse from the retina; the junction between bipolar and amacrine cell probably permits the transfer of information in both directions.

Fig. 3.8  Electron micrograph of (?rat) neuromuscular junction, showing vesicles fusing with the presynaptic membrane prior to their release. (ref?)
Fig. 3.9  Above, relation between presynaptic action potential, endplate potential and synaptic current (somewhat idealised); below is a schematic equivalent circuit of the post-synaptic membrane showing: membrane capacitance charged to resting potential Er; Rapid discharge through opening of unselective channels; channels closed, capacitance recharging relatively slowly, until equilibrium is finally restored when the capacitor is fully charged.

Fig. 3.10 Patch-clamped single ACh channel, from ?rat neuromuscular junction (ref)?
Fig. 3.11 Miniature endplate potentials (mEPPs) recorded from ?rat neuromuscular junction (ref)
Fig. 3.12  Schematic representation of the sequence by which nerve action potentials (left) lead to muscle action potentials (right) at the neuromuscular junction. Voltage-sensitive sodium and potassium channels are shown in black, calcium in white; channels sensitive to the transmitter acetylcholine, which is represented by the red dots, are shown in red.

Fig. 3.13  Excitatory synaptic action in the monosynaptic stretch reflex. Left, the neural circuit: Ia afferents from stretch receptors in a muscle enter the dorsal route and then synapse excitatorily with motor neurons in the ventral horn which innovate the same muscle. Right, EPSP (red) recorded with a microelectrode in a motor neuron after a single stimulating shock to the afferent fibres, at A. The black line shows the time-course of the synaptic current.

Fig. 3.14  Reversal potential. EPSPs recorded at different initial resting potentials produced by passing current steadily in or out of the neuron by means of a double-barrelled microelectrode. The response reverses at Erev, not far from zero potential. (Partly after Curtis and Eccles, 1959 and Coombes et al., 1955)

Fig. 3.15 Some neural transmitters

Fig. 3.16 A possible mechanisms of differential release of neuropeptide 9red) and conventional transmitter (black).  With brief, intense stimulation there is insufficient time for the larger neuropeptide vesicles to reach the presynaptic membrane, sp less is released than in the case of milder but sustained stimulation (below). 

Fig. 3.17 Currents from many synapses flow down dendrites and thence into the soma, like rain gathering in rivulets, streams and rivers before entering a lake; the firing of action potentials depends crucially on the axon hillock region.

Fig. 3.18  Linear and non-linear addition of EPSPs and spatial summation.  Left, excitatory synapse A on its own generating an EPSP in the soma of the neuron (below); middle, if a neighbouring synapse B is activated as well, there may be little increase in the EPSP, since the membrane in the vicinity of B is already depolarised.  If a distant synapse C is activated instead of B (right) the combined effect is greater because the synapses do not interact with one another. 

Fig. 3.19 Left, schematic neural circuit for reciprocal innervation of flexor and extensor muscles by reflector afferents.  Right, inhibition of the monosynaptic reflex and its electrical correlates.  Data points (red) show the size of reflex evoked by stimulation of B at different times after a shock A that stimulates inhibitory afferents. The red line shows, on the same time scale, the time course of the IPSP associated with the inhibition and the black line shows the approximate time course of the inhibitory synaptic current. The degree of inhibition in this case appears to be related to both current and potential. (Data from Araki et al., 1960)

Fig. 3.20  Reversal potential of the IPSP. IPSPs were recorded at different initial levels of depolarisation as in fig. 3.14. They show a reversal potential of about -80 mV (After Eccles et al., 1964)

Fig. 3.21  Post-synaptic potentials in response to activation of different kinds of channel (idealised).  Red, EPSP generated by opening of channels permeable to Na and K.  Black, IPSPs generated by opening of potassium channels (above) or chloride channels (below).

Fig. 3.22  Feedback inhibition. Left, schematic representation, showing how a sudden maintained onset of afferent activity is converted into an adapting efferent response. Right, Renshaw cell (red) in the spinal cord, showing feedback inhibition of motor neurons (black)

Fig. 3.23  Presynaptic inhibition. (a) Schematic representation of a terminal A that presynaptically inhibits the excitation of C by B, by synapsing with B's terminal. (b) Time-course of depression of monosynaptic reflex after brief stimulation of afferents producing presynaptic inhibition, and (c) The time-course of the EPSP size in the same experiment.  (Data from Eccles, 1963; Eccles et al, 1961)

Fig. 3.24   Effect of depolarisation of terminal on size of peak of action potential 9schematic).  left, a normal action potential.  because the rate of transmitter release depends steeply on depolarisation, only the peak (shaded0 contributes significantly to the amount of transmitter released.  Right, partial short-circuiting causes a tonic depolarisation, but also reduces the peak of the action potential since the effect is to pull the potential at every moment towards zero (dashed lines).  Consequently there is a disproportionately large reduction in the amount of transmitter released.

Fig. 3.25  (a) A Pacinian corpuscle dissected out, and arranged for electrical recording and mechanical stimulation by means of a piezo-electric crystal.  Right, generator potentials recorded from a Pacinian corpuscle before (b) and after (c) removal of the outer lamellae, in response to a brief maintained deformation (red bar).  (After Loewenstein and Mendelsohn, 1965)

Fig. 3.26  Above, highly schematic representation of the mechanical elements of the Pacinian corpuscle, and their mechanical equivalent 'circuit' in the form of a viscous element (dashpot) and elastic element (spring).  Below, response of such a model to steady displacement applied just before B and removed just before E, showing adaptation of the degree of distortion of the elastic element, and hence of the electrical response of the receptor. 

Fig. 3.27  Examples of adaptation in different receptors.  Above, response of a single afferent from a muscle spindle receptor to a gradually applied and released steady stretch (time-course shown underneath) Below, tactile receptor in the skin of a cat's paw, responding to different indentations maintained for the duration shown by the bar below (after Matthews, 19xx; Mountcastle, 1966).

Fig. 3.28  Types of adaptation.  Adaptation may be complete or incomplete, depending on whether during a steady stimulus the response declines to the unstimulated level; and fast or slow, depending on how long it takes to reach an equilibrium response.

Fig. 3.29  The stages of sensory transduction, showing, at left, the various ways in which adaptation may occur; at right, the points at which efferent control of sense organs may occur

Fig. 3.30  Signal-to-noise ratio.  Schematic relationship between stimulus size and firing frequency for a hypothetical sensory fibre, measured on a large number of occasions (single data points), showing the band of frequency scatter of width N associated with any particular value of the stimulus.  As a result, frequencies must be separated by N before they can be discriminated reliably from one another.  Thus the number of significantly different frequencies, and hence of discriminable stimuli, is given by the signal-to-noise ratio S/N, where S is the maximum firing frequency of the fibre.  In this case, S/N is only about 6.

Fig. 3.31  Adaptation reducing low-frequency noise.   Above, a plot of the intensity of light falling on a typical retinal receptor throughout one day, showing that the rapid fluctuations that convey visual information are dwarfed by large but uninformative changes due to ambient lighting that are much slower.  A receptor capable of responding to the entire range of steady intensities would necessarily be insensitive to the smaller but more important variation.  Below, adaptation has the effect of filtering out the slow changes of intensity level: the receptor now need only cope with some two log units of intensity rather than ten, and can thus respond better to the important details.
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Notes

Neurons in general  Excellent general coverage of this area is provided by Bradford, H. F. (1986) Chemical Neurobiology. (W H Freeman, New York); Hall, Z. W. (1992) An Introduction to Molecular Neurobiology. (Sinauer, Sunderland, Mass); and Shepherd, G. (1994) Neurobiology. (Oxford University Press, Oxford); a particularly clear account of the basics is given by Levitan, I.B. and Kaczmarek, L.K. (1997)  The Neuron  (Oxford University Press).  Other highly recommended books include: Revest, P. and Longstaff, A. (1998)  Molecular Neuroscience (Bios, Oxford); Hammond, C. (2001) Molecular and Cellular Neurobiology (Academic Press); and the elegant and thoughtful Fain, G.L. (1999)  Molecular and Cellular Biology of Neurons (Harvard University Press)

p.   Similarities between channels    The evolutionary relationships between these various types of channel have been discussed in Hille, B. (1989) Ionic channels: evolutionary origins and modern roles.  Quarterly Journal of Experimental Physiology 74  785-804.

p.  Modulation   This area is thoughtfully discussed in Katz, P.S. (Ed.) (1999)  Beyond neurotransmission: neuromodulation and its importance for information processing (Oxford University Press)

p.  Dashpots  Dashpots are used to introduce damping into mechanical systems.  Very often they consist of an oil-filled cylinder with a leaky piston: the rate of movement of the piston is proportional to the force applied.  You can see them in car suspensions, or sometimes in old-fashioned door-closing mechanisms, where they stop the door slamming.

p.  Information  The information carried by a message can be regarded as a measure of the change in perceived probability that the message produces.  If I get a telephone call saying I’ve won the national lottery, the my perception of the probability that I have won it suddenly changes from about 3.10-8 to exactly one.  A second, identical, telephone call carries no information at all, since the probability remains one.  So identical signals do not always carry identical amounts of information.

p.  Signal to noise ratio    An excellent account of this area for the general reader, but sadly long out of print, is Pierce, J. R. (1962) Symbols, Signals and Noise. (Hutchinson, London).

p.  Spinal synaptology   The classical account of the pioneering experiments in this area is Eccles, J. C. (1964) The Physiology of Synapses. (Cambridge University Press, Cambridge).

p.  Dale's hypothesis   It is not at clear that Dale's hypothesis is actually true, at least as far as 'acting in the same way' is concerned.  The glutamate released by retinal receptors, for instance, causes inhibition of some bipolar cells and excitation of others.  What is probably true is that a cell of a certain class, A, cannot have two different effects on cells of another class B (or any effect at all on cells of class A).  Such a rule would prevent certain difficulties in the way the brain wires itself up.

p.  Diversity of transmitters    Nieuwenhuys, R. (1985) Chemoarchitecture of the Brain. (Springer Verlag, Berlin) provides a comprehensive survey of the location of transmitters in different parts of the brain.
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  p.  Photoreceptors   This exhibit embodies the cascade of events between absorption of light by photoreceptors (toad rods), the activation of PDE, reduction in cGMP, and closing of sodium channels.  If you press Sweep, a trace is initiated showing the stimulus (a brief pulse of light) in red, and the resultant photocurrent in green.  You can set different background levels as well as different sizes of stimulus (radio buttons at right).  Observe saturation with large stimuli, and also the way in which a steady background reduces sensitivity mostly by affecting calcium levels, which mediate adaptation by altering the rate at which cGMP is recycled.  The Auto-zero check-button makes every response start at the same level; if you want to examine steady states, turn it off.  For easier comparison, sweeps are superimposed until the Clear button is activated.
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  p.   Pacinian corpuscle   This is a simple model of the mechanical properties of the Pacinian corpuscle, considered as an elastic element (spring) representing the core, acted on by a viscous element (dashpot) representing the fluid-filled outer layers.  Sweep starts a sweep showing the input displacement (green) and degree of compression of the core (response, yellow) as a function of time.  On the right, there are controls for the stimulus: you can alter the waveform and the frequency.   Notice how high frequencies are in general transmitted better than low; and observe the phase relation at low frequencies between input and output.
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  p.  Adaptation   This exhibit allows you to explore various aspects of sensory adaptation.   As usual, clicking on Sweep starts a sweep in the window, showing a stimulus (green) and the corresponding response (yellow) as a function of time.  Radio buttons on the left allow you to choose various repetitive stimuli: step (square wave), ramp (triangle wave) or sinusoidal; the slider bar alters the frequency.  In the middle, slider bars alter two crucial parameters of the adaptation itself: how complete it is (i.e. the extent to which the response to a maintained stimulus falls to zero) and the time-constant (determining whether it is fast or slow).   Experiment for yourself with various combinations of these settings.  Note in particular with sinusoidal stimulation how the effect of complete adaptation is to increase the response at high frequencies and reduce it at low - it acts as a high-pass filter.  There is a button called Waterfall illusion that relates to something dealt with in chapter 7 and is described there (p. [whatever it is].)
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  p.    Time constants  This exhibit was introduced in Chapter 1, and general instructions for it can be found on page {whatever it is]. 

Selecting the third of the three options, R2, simulates a situation found at many excitatory synapses and sensory receptors, where the membrane is normally at the resting potential, but the arrival of a stimulus opens short-circuiting channels that lower the membrane resistance.   Note that while the transmitter is present (switch closed) the membrane depolarises rapidly; afterwards the exponential recovery is quite slow.
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  p.  Synaptic interaction   A highly stylised neuron - soma and dendrites - is shown at left with excitatory (red) and inhibitory (black) synapses.  Start a sweep (showing the membrane potential at the axon hillock) by pressing Sweep.  Then click on synapses to activate them, and see for yourself how they interact both spatially and temporally.  Note the particularly devastating effect of the inhibitory synapse near the axon hillock itself, and see if you can demonstrate temporal and spatial summation, current and voltage inhibition.
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Some varieties of receptors for neurotransmitters 

	Neurotransmitter
	Receptor type
	Direct/indirect
	Action
	Agonists
	Antagonists
	

	Glutamate
	AMPA
	Direct
	( PNa, ( PK
	AMPA
	CNQX
	

	Glutamate
	B
	Indirect, (cGMP and other mechanisms
	( PNa
	trans-ACPD
	-methyl-4-carboxyphenylglycine
	Several types, some presynaptic

	Glutamate
	NMDA
	Direct
	( PCa
	NMDA
	AP5
	Voltage dependent

	Glycine
	GlyR
	Direct
	( PCl
	
	Strychnine
	Mostly spinal cord

	Acetyl choline
	nAChR
	Direct
	( PNa, ( PK
	Nicotine, carbachol
	Tubocurarine
	

	
	mAChR
	Indirect
	( PK
	Muscarine
	Atropine
	

	GABA 
	GABA-RA
	Direct
	( PCl
	Muscimol
	Picrotoxin, bicuculline
	Also presynaptic

	
	GABA-RB
	Indirect, (cAMP
	( PK 
	Baclofen
	CGP 335348
	Also presynaptic

	Serotonin (5HT)
	5-HT1
	Indirect, (cAMP
	( PK 
	(various)
	(various)
	Several sub-types, often presynaptic

	
	5-HT2
	Indirect
	( PK
	-Methyl-5-HT
	Ketanserin
	

	
	5-HT3
	
	( PNa, ( PK ?
	2-Methyl-5-HT
	Tropisetron
	Periphery only

	Dopamine
	D1
	Indirect, (cAMP
	( PK
	Dehydrexidine
	SCH 23390
	

	
	D2
	Indirect, (cAMP
	( PK 
	Haloperidol, Spiperone
	Spiroperidol
	Also presynaptic

	Noradrenaline
	1-Adrenoceptor
	Indirect
	
	Phenylephrine
	Prazosin
	

	
	2-Adrenoceptor
	Indirect
	
	Clonidine
	Yohimbine
	Presynaptic

	
	1-Adrenoceptor
	Indirect
	
	Dobutamine
	Practolol
	

	
	2-Adrenoceptor
	Indirect, cAMP
	
	Procaterol
	Butoxamine
	


Classification of sensory receptors


Mechanoreceptors


Special sense:


Cochlear hair cells






Vestibular hair cells


Muscle:


Spindles






Tendon organs


Skin and visceral:

Pacinian corpuscle,






Ruffini ending






Merkel disc






Meissner corpuscle






Lanceolate endings






Free endings






Nociceptors


Vascular:


Arterial baroceptors






Venous and atrial stretch







receptors


Thermoreceptors


Skin (warm and cold, nociceptors)






Hypothalamic


Photoreceptors


Retina


Chemoreceptors


Olfactory






Gustatory






Hypothalamic






Vascular






Visceral






Nociceptors

Examples of types of neurotransmitters and modulators

Neuropeptides (size in brackets)


ß-Endorphin* (31)

Enkephalins* (5)

Oxytocin* (9)

Glucagon* (29)

Somatostatin* (14)

Substance P (11)

VIP (vasoactive intestinal polypeptide)* (28)

(and many others)

Amino-acids


Aspartate

Glutamate

GABA (gamma-amino butyric acid)

Glycine

Monoamines


Dopamine

Noradrenaline*

5-HT (5-hydroxytryptamine, serotonin)*

Other


Acetyl Choline

Nitric oxide?

Carbon monoxide?

ATP?



* also used as a hormone


People

Sir John Eccles (1903 - 1997) first studied with Sherrington in Oxford; from the on he made it his life's ambition systematically to unravelling the workings of the brain, by starting with the study of synapses, and by the end tackling problems related to consciousness and the relation between free will and the activation of neurons.  His main contribution was to elucidate the electrical basis of synaptic action by intracellular recording from nerve and muscle cells.  He won the Nobel prize in 1963, at the same time as Hodgkin and Huxley.

Johannes Müller (1808 - 1858) is best known for his 'Law of Specific Nerve Energies', recognising, in effect, that a sensory afferent nerve fibre cannot send one kind of signal for one modality of stimulus, and another for a different one; the implication is that different receiving areas in the brain determine different kinds of sensation.

